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ABSIRACT
Investigation Of D lfkrcnt lig h t  Delivery Schem es 
In Photodynam ic Therapy Of Human 
Glioma Spheroids
by
R obin M arie R odenbush
Dr. S teen  M adsen, Ebcam inaüon C om m ittee C hair 
A ssociate P rofessor o f H ealth  P hysics 
U niversity  of N evada, L as V egas
The response  of h u m a n  gliom a sphero id s to  ALA-mediated
photodynam ic th e rap y  su b jec ted  to  v a rio u s op tical dose delivery schem es
is investigated. In  p a rticu la r, th e  effects of fluence, fluence ra te , light
dose h a c tio n a tio n  an d  long-term  re p e a t PDT is  considered . Im proved
PDT response  w as found for low fluence ra te  photodynam ic trea tm en ts
i.e. those  a t  or below 25 mW  em ^. R esu lts  a re  c o n sis ten t w ith  the  self-
sen sitized  sin g let oxygen m ed iated  pho tob leach ing  m odel of G eorgakoudi
e t a l (G eorgakoudi, 1998), in  w hich  th e  resp o n se  is  a ttrib u te d  to  th e
deposition  of sing let oxygen to  a  la rg e r volum e, i.e ., deeper in to  th e
sphero id . T he efficacy of h igh-fluence ra te  PDT (150 mW  cm ^) c an  be
im proved by  th e  in tro d u c tio n  of d a rk  in te rv a ls  -  a n  approx im ately  35  %
en h an ced  sp h ero id  resp o n se  w as observed  w ith  cyclic in te rv a ls of
betw een 15 a n d  45 s. S h o rte r o n /o ft cycles a p p e a r m ore effective th a n
longer cycles. Longer d a rk  periods likely  re su lt in  decreased  sin g le t
iii
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m olecu lar oxygen p ro d u ctio n  p e r u n it tim e an d , h en ce  red u ced  cell 
k illing efficiency. The op tim um  frac tio n a tio n  sch ed u le  m ay well depend  
only o n  th e  oxygen diffiision d istan ce , in sen sitiv e  to  e ith e r lig h t fluence 
ra te  o r p h o to sen sitizer p ro p erties a n d  c a n  be o b ta in ed  by  a  sim ple 
m ath em atica l m odel of oxygen diffiision  (Pogue, 1997). F u rtherm ore , 
re s u lts  p resen ted  in  th is  th e s is  su g g est th a t th e  p ro d u ctio n  of sing let 
m o lecu lar œqrgen is  m axim ized by  th e  u se  o f low er fluence ra te s  a s  
opposed  to  any  frac tion ation  schedu le .
R epetitive PDT co n sistin g  of m u ltip le  w eekly tre a tm e n ts  a t su b - 
optlm al fluences (12.5 or 25  J  cm  )^ revealed m ark ed  Im provem ents in  
efficacy - a s  m u ch  a s  90%  sp h ero id  k ill w as achieved for tre a tm e n ts  
em ploying low fluence ra te s  (2.5 mW cm  2). Additionally, cellu lar 
proliferative capacity  w as inh ib ited  a s  evidenced by  significant grow th 
delays. Two-photon fluorescence m icroscopy im aging w as u se d  to 
evaluate  m orphological ch an g es in d u ced  by  low an d  h igh  fluence ra te s . 
T he im ages in d ica te  p referen tia l apo p to tic  in d u c tio n  a t  low  fluence ra te s , 
w hile h igh  fluence ra te s  a p p e a r to  c au se  n ecro sis. T he general lack  of 
ce llu la r resp o n se  to  h igh  H uence ra te  PDT c a n  be im proved th ro u g h  lig h t 
m odulation , a s  is  show n in  th is  stu d y .
iv
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CHAPTER 1
INTRODUCTION 
S ection  1.1 G lioblastom a M nltifbrm e, D isease an d  P rognosis 
D espite a n  a rse n a l o f cu rren tly  em ployed tre a tm e n t m eth o d s for 
m alig n an t gliom as in clud ing  su rg ica l tu m o r resec tion , rad io- a n d / o r 
chem otherapy , p a tie n t p rognosis rem a in s poor. N early h a lf o f th e se  
in tra c ra n ia l neop lasm s p re se n t a s  th e  m o st aggressive m alig n an t gliom a 
variety  know n a s  G lioblastom a M ultiform e (GBM). A lthough GBM 
acco u n ts for only one p e rcen t o f aU can cer m o rta lity  in  th e  U nited  S ta te s  
each  year, th ese  p a tie n ts  su fie r a n  asto u nd in g ]^  rap id  d e te rio ra tio n  in  
th e ir  quality  o f life. I t is  p ossib le  to  ex tend  m ed ian  su rv ival from  th re e  to  
te n  m on ths u sing  th e  aforem entioned m odalities, though  long-term  
tu m o r contro l is rare ly  accom plished . Few er th a n  five p e rcen t o f GBM 
p a tie n ts  survive longer th a n  five y ears. It is  no  w onder ad ju v an t 
th e rap ie s  su ch  a s  b rach y th erap y , h y p erth erm ia  a n d  pho todynam ic 
th e rap y  are  being  inv estigated  for th e ir  efficacy in  pro longing  an d  
im proving life for b ra in  tu m o r p a tien ts .
GBM orig inates in  p ro liferative glial cells o r th e ir  p rec u rso rs  w ith in  
th e  cen tra l nervous sy stem  (CNS). T he n a tu re  a n d  location  of th is  
d isease  m an ifests w ith  g rea t com plexity, w hich  ren d e rs  i t  q u ite  re s is ta n t
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to  th e ra p eu tic  in terven tion . M alignant cells o f th ese  h igh-grade gliom as 
(classified by th e  A m erican C ancer Society a s  a  g rade  IV b ra in  tum or) 
exh ib it m igratory  behavior, possib ly  ow ing to  th e ir  developm ental 
c h a rac te r w ith in  th e  CNS. T hese in filtra tiv e  cells, referred  to  a s  th e  
secondary  s tru c tu re s  o f S ch erer (H olland, 2 0  00), d e ta ch  from  th e  focal 
tu m o r site  an d  invade n o rm al b ra in  p aren ch y m a. R adical tu m o r 
resec tio n  becom es effectively u n rea lis tic  a s  it  co u n te rs  th e  p reserv a tio n  
of b ra in  reg ions v ita l to  p a tie n t surv ival. As a  consequence, p a tie n ts  
re lapse in  eighty percen t of all cases  w ith  re c u rre n t tu m o r grow th w ith in  
a  2-3  cm  m arg in  of th e  su rg ica l resec tio n  cavity  (W allner, 1989; N ieder, 
2000). T his a ttr ib u te  allows for th e  possibility  th a t  a  m ore aggressive 
form  of local th e rap y  could  po ten tia lly  quell th e  frequency  of th ese  
recu rren ces, th ereb y  ex tend ing  p a tie n t surv ival.
Section 1.2 Photodynam ic T herapy 
Photodynam ic th e rap y  is a  local an tineop lastic  trea tm e n t w ith  the  
p o ten tia l for tu m o r cell specificity. T he tre a tm e n t involves th e  
ad m in istra tio n  of a  tu m o r localizing p h o to sen sitiz in g  ag en t follow ed by 
pho to -activation  w ith in  th e  m alig n an t tis su e . L asers hav ing  w avelengths 
w ith in  th e  visible sp ec tru m  a re  com m only em ployed a n d  are  ch o sen  in  
accordance w ith  th e  region  o f ab so rp tio n  m ax im a for th e  given 
pho tosensitiz ing  drug . Red lig h t is  a lm o st alw ays u se d  d u e  to  its  deeper 
p en e tra tio n  in  tis su e s . In  resp o n se  to  la se r irrad ia tio n , th e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
p h o to sen sitizer is  ra ised  to  a n  excited  trip le t s ta te . O ne m ode of de­
ex cita tio n  o ccu rs v ia  co llision  w ith  g ro u nd  s ta te  trip le t m o lecu lar oxygen 
y ield ing  a  highly reactive cytotoxic sin g let oxygen species. Oxygen 
rad ica l species have a  lifetim e in  biological sy stem s ran g in g  firom 100 
n an o seco n d s w ith in  th e  lipid  reg ions o f m em b ran es (K anofsky, 1991) to  
250  n an o seco n d s w ith in  th e  cy top lasm  (B aker, 1992). T h u s, d iffusion is  
lim ited  to  approxim ately  20  n m  before reac tin g  w ith  c ritica l ce llu la r 
s tru c tu re s  a n d / o r m em branes to  p o ten tia lly  b rin g  a b o u t ce llu la r d eath . 
PD T-induced cell d e a th  m ay m an ifest a s  e ith e r a  n ecro tic  o r apop to tic  
p ro cess th a t w ill depend  on th e  p a ram ete rs  p a rtic u la r to  trea tm e n t a s  
weU a s  on th e  subcellu la r localizing ch arac te ris tic s  of th e  em ployed 
ph o tosen sitizer. N ecrosis is  th e  com m on m ode of d e a th  for cells tre a te d  
w ith  ionizing rad ia tio n  a n d  e n su es  a s  a  re su lt o f chrom osom al dam age 
su fficien t to  in h ib it ce llu la r m itosis. C onversely, ap o p to sis is  a  n a tu ra l 
hom eostatic  m echan ism  responsib le  for m ain ta in in g  certa in  bodily  
tis su e s  in  a  h ea lth y  ce llu la r b a lance . It is  fo r th is  rea so n  th a t it  is  
com m only referred  to  a s  p rogram m ed cell d ea th . T he ap op to tic  resp o n se  
is  in itia ted  by  th e  re lease  of cytochrom e C th ro u g h  a  com prom ised 
m itochondria l m em brane dam aged by, for exam ple, PDT. A poptosis 
offers a  som ew hat m ore favorable b iological resp o n se , th e  d e ta ils of 
w hich  w ill b e  d iscu ssed  in  th e  upcom ing  tex t. U n d erstan d in g  th e  
cau sa tio n  of a n  apop to tic  resp o n se  is  p a rticu la rly  re lev an t w hen  one 
co nsid ers th e  exceedingly fi-agile o rgan  u n d e r siege, th e  b ra in .
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S ince th e  o n se t of PDT re sea rch  in  th e  1960 's, co u n tless p red in ica l 
a n d  clin ical s tu d ies  w orldw ide have e stab lish ed  its  u se fu ln ess a s  a n  
ac^uvan t or, in  th e  case  of su perfic ia l lesions, a s  a  stan d -a lo n e  trea tm e n t 
for a  v arie ty  of can cers. In accessib ility  of th e  m alignancy  to  a  ligh t 
so u rce  m ay p rec lud e  PDT trea tm e n t. PDT h a s  b een  app lied  to  c u tan eo u s 
a n d  g astro in te s tin a l lesions, can cers o f th e  m o u th , larynx, esophagus, 
lung , b lad d er an d  b ra in . PDT offers th e  p ro sp ec t o f leng then ing  a n d /o r  
im proving th e  q uality  o f life o f can cer su fferers.
T he a im  of PDT in  th e  tre a tm e n t o f h igh-grade gliom as is to  elim inate  
th e  n e s ts  of m alig n an t cells resid ing  post-operatively  a t cm  d ep th s in  th e  
resection  m arg in  in  a n  effort to  m itigate th e  likelihood of rec u rren t tu m o r 
grow ths. PDT efficacy d ep en d s on  a  n u m b er of fac to rs a s  w ell a s  th e  
dynam ic in te rp lay  am ongst th e se  d u rin g  th e  co u rse  of trea tm en t. T he 
m o st c ritica l fac to rs affiecting tre a tm e n t outcom e a re  in tra tu m o ra l 
oxygenation s ta tu s , pho tosensitizer concen tra tion  an d  localization, to ta l 
lig h t dose o r fluenee an d  th e  ra te  o f lig h t deliveiy  o r fluenee ra te . T he 
v ita l ro le o f each  w ill be d iscu ssed  a t  som e leng th .
S ince sin g le t m olecu lar oxygen h a s  b een  im p licated  a s  th e  p rim ary  
cytotoxic species, th e  efficacy of PDT d ep en d s sensitively  on  th e  am o u n t 
of oxygen p re se n t d u rin g  tre a tm e n t. T here is  a  fine b a lan ce  betw een  
oxygen dep letion  an d  reoxygenation  d u rin g  PDT. A t any  given tim e, 
tis su e  oxygenation s ta tu s  d ep en d s p rim arily  on  cap illa ry  d en sity  a n d  on  
th e  ra te  a t w hich  th e  ligh t is  delivered, i.e ., th e  fluenee ra te . T hu s, in
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princip le , i t  sh o u ld  be possib le  to  affect PDT outcom e th ro u g h  ju d ic io u s 
choice o f fluenee ra te .
S ection  1.3 The Role an d  Influence of th e  P h o tosensitizer
Pho tosensitizing  com pounds p referen tially  accu m u late  to  vary ing  
degrees in  n eop lastic  cells. T um or cell ta rg e tin g  d ep en d s on  th e  ab ility  of 
th e  p a rtic u la r p h o to sen sitizer to  p a ss  ac ro ss  ce llu la r m em branes. T his 
w ill depend  on  th e  b iochem ical ch a rac te ris tic s  o f th e  ph o to sen sitizer 
em ployed. The d ru g  m ay be ap p lied  topically , in jected  in trav en o u sly  or 
ad m in istered  orally.
A w ide variety  of th ird  generation  pho tosensitizers a re  cu rren tly  being 
ev alu ated  for th e ir p a rtic u la r localization  p ro p erties in  com bination  w ith  
o ther desirable  ch arac te ris tics  su c h  a s  low toxicity an d  favorable 
ab so rp tio n  sp ec tra . P hotohin® , a  co m m o n ^  em ployed p h o to sen sitizer in  
PDT, is a  partially  purified com m ercially available haem atoporhyrin  
derivative com pound approved for c lin ical ap p lica tio n  in  PDT of early  an d  
advanced  stag e  can cers o f th e  lung , digestive tra c t, a n d  gen ito u rin ary  
tra c t in  C anada, T he N etherlands, F rance , G erm any, J a p a n  a n d  th e  
U nited  S ta te s  (D ougherty, 1998). T he U nited  S ta te s  Food a n d  D rug 
A dm in istra tion  (US FDA) in itia lly  approved  its  app lica tio n  in  1995 for th e  
pallia tio n  of p a tie n ts  w ith  com plete o b stru c tin g  esophageal can cer a n d  in  
1998 for u se  in  PDT of early  a n d  la te  stag e  n on-sm all cell lu n g  cancer. 
T he efficacy of P h o to h in -m ed iated  PDT in  th e  tre a tm e n t of th e  b lad d er.
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m outh , larynx, c h est w all, b ra in , cu tan eo u s an d  GI lesio n s is u n d e r w ide 
study , m u ch  of w hich  is  in  th e  clin ical tria l p h ase .
Several d raw backs lim it P h o to filn 's ap p lica tio n  in  PDT, th e  m o st 
severe of w hich  is  th e  uncom m only long period  of c u tan eo u s 
p h o to sen sitization  experienced  by  p a tie n ts  la stin g  tw o to  th ree  w eeks. 
T his fea tu re  p rec lu d es th e  u se  of Photofirin in  h a c tio n a te d  trea tm e n t 
regim ens, a n  a ttrac tiv e  tre a tm e n t protocol evalu ated  in  th is  resea rch . 
A dd itio n al^ , in ad eq u ate  tu m o r-to -n o rm al tis su e  ra tio s  lim it th e  
allow able dose d u e to  th e  in creased  p o ten tia l fo r n o rm al tis su e  
com plications. P harm acological efforts geared  to w ard s im proving th e  
charac teristics  of th e  available sensitizers have b ro u g h t a  n u m b er of 
second-generation  p h o to sen sitizers to  th e  m ark e t. Toxicity, 
bioavailability, excitation b an d , re ten tion  an d  excretion ra te s , side effects 
a s  w ell a s  th e  re su lta n t b iochem ical pathw ay  of pho todynam ic ac tio n  a re  
am ong the  im p o rtan t pho tosensitizer a ttr ib u te s  cu rren tly  being  evaluated  
by  resea rch e rs w orldw ide (S tum m er, 1998). A t th e  forefron t o f d ru g  
developm ent is  5-am inolevulin ic acid  (ALA). T h is p ro d ru g  s tim u la te s  
endogenous p o rp h y rin  p ro d u ctio n  a n d  c a u se s  th e  accu m u la tio n  of 
p ro toporphyrin  IX (PpIX), a  p o ten t sen sitizer v ia  th e  h em e b io sy n th etic  
pathw ay  (Kennedy, 1990; K ennedy, 1992). H em e is  sy n th esized  h o m  
glycine an d  succiny l CoA to  ALA, w hose p ro d u ctio n  is  u n d e r negative 
feedback con tro l by  hem e (Peng, 1997). T h ro ug h  th e  exogenous 
in tro d u c tio n  of ALA, PpIX b y p asses reg u la to ry  co n tro l re su ltin g  in
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sen sitiz e r accu m ulatio n . S ince PpIX -induced p a tie n t pho tosensitiv ity  
la s ts  only 24  to  48  h o u rs , ALA. is  w ell su ite d  for rep e a t PDT trea tm en ts . 
A nother a ttrac tiv e  advan tage of ALA is  th a t it  c an  be ad m in istered  orally. 
FinaUy, a  n u m b er of an im al s tu d ie s  (Lllge, 1998) have rep o rted  h igh  
tu m o r-to -n o rm al b ra in  tis su e  co n cen tra tio n s of PpIX. T h is w ould m ake 
ALA a n  excellen t can d id ate  for PDT of h u m a n  giiom as.
T he m ode o f cell d e a th  following PDT d ep en d s on  a  n u m b er of 
p a ram ete rs  inclu d in g  p h o to sen sitizer type, in cu b a tio n  tim e, lig h t fluenee 
an d  fluenee ra te . D ue to  m itochondria l localization  of PpfX, ALA- 
m ediated  PDT h a s  b een  show n to  p re& ren tially  in d u ce  apopto tic  cell 
death . Following PDT, th e  in tegrity  of th e  m itochondria l m em brane is 
com prom ised re su ltin g  in  th e  re lease  of cytochrom e C w hich, in  tu rn , 
in itia tes a  caspase -3  cascade  event ending  in  apoptosis. This m ode of 
destruc tion  is m orphologically characterized  by ceU condensa tion  an d  
budd ing  to  p roduce  m em brane-enclosed  bodies th a t  a re  subsequen tly  
phagocytized a n d  d igested  by  n earb y  cells. In  co n tra st, a  necro tic  d e a th  
in d u ces in flam m ation , b lebbing  a n d  edem a- a  p a rticu la rly  unfavorab le 
resp o n se  in  th e  b ra in . M axim izing th e  n o n -in flam m ato iy  ad v an tag es of 
ap o p to sis m ay be p a rticu la rly  u se fu l in  con tro lling  p o s t photodynam ic 
trea tm e n t edem a of th e  b ra in . M orphologic ev alu atio n  o f cell d e a th  is 
possib le  w ith  a  n u m b er of tech n iq u es, in clu d in g  tw o-pho ton  fluorescence 
m icroscopy.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8S ection  1.4 F luence E fiects 
In  a ll likelihood, th e  hm iting fac to r for su ccessfu l PDT Is th e  Inability  
to  deliver th resh o ld  ligh t flu en ces in  th e  b ra in -ad jacen t-to -tu m o r (BAT). 
T h is is  due to  th e  rap id  a tte n u a tio n  of ligh t in  b ra in  tissu e . A ssum ing 
su fficien t p h o to sen sitizer con cen tra tio n , PDT resp o n se  h a s  b een  show n 
to  d epend  critically  on th e  am o u n t o f lig h t delivered (Lllge, 1996). 
P hotoc^nam ic th resh o ld  m odels have b een  developed b ased  on th e  
observation  of a  d is tin c t d em arca tio n  betw een  tis su e  n ecro sis an d  
und am ag ed  tissu e . In  one su c h  m odel (P atterson , 1990), u n d e r w ell 
oxygenated cond itions, tis su e  n ecro sis o ccu rs for a  given p ho to sen sitizer 
if a  certa in  n u m b er of ph o to n s a re  abso rbed  w ith in  a  given volume.
In  a  prev ious in ufiro s tu d y  u sin g  500 pm  d iam eter h u m an  gliom a 
sphero ids in cu b a ted  in  5 mM ALA, M adsen e t a l (M adsen, 2000) 
observed a  th resh o ld  fluenee of approxdm ately 50  J /c m   ^ (delivered a t  a  
fluenee ra te  of 25 mW cm ^). The delivery of th resh o ld  light fluences (50 
J  cm ^) to  cm  d ep th s in  th e  BAT req u ire  tre a tm e n t tim es on  th e  o rd er of 
h o u rs  (H irschberg, 1999). S u c h  long tre a tm e n t tim es a re  im p ractica l 
w ith  s ta n d a rd  o n e-sh o t in trao p era tiv e  p ro ced u res. C learly, m ore 
so p h istica ted  lig h t delivery tech n iq u es a re  req u ired  for im proved PDT 
outcom e. It m ay be possib le  to  im prove outcom e th ro u g h  m ultip le  re p e a t 
PDT trea tm e n ts  given a t w eekly in te rv als.
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9S ection  1.5 F luence R ate EÆfects 
T issue oxygenation s ta tu s  d u rin g  PDT is  a  c ritica l facto r in  
determ in ing  tre a tm e n t outcom e. T issu e  oxygenation is  a  dynam ic 
v ariab le  an d , a s  h a s  been  show n in  n u m ero u s in  v itro  (B en-H ur, 1987; 
M atthew s, 1989; F oster, 1993) a n d  in  vivo (G ibson, 1990; V an Geel, 
1996; S itn ik , 1998a, b; lin u m a, 1999) stu d ies , is  strong ly  d ep en d en t on  
th e  ra te  a t w hich  th e  ligh t dose is  given -  low dose ra te s  a re  m ore 
e le c tiv e  th a n  h igh  dose ra te s . T he red u ced  effectiveness o f h ig h  dose 
ra te  PDT is  due to  th e  fac t th a t  th e  ra te  o f sin g le t oxygen p ro d u ctio n  
depends, in  p a rt, on  th e  ligh t dose ra te . A t h ig h  dose ra te s , PDT can  
photochem lcally deplete am b ien t tu m o r oxygen cau sin g  acu te  hypoxda 
th u s  lim iting th e  overall tre a tm e n t effectiveness.
The im portance of ad eq u a te  tis su e  oxygenation du ring  PDT h a s  also 
b een  dem o n stra ted  in  a  n u m b er of th eo re tica l s tu d ie s  (Foster, 1991; 
Foster, 1992; Nichols, 1994; H enning, 1995; Pogue, 1997). T hese m odels 
indicate th a t, in  add ition  to  dose ra te , oxygenation s ta tu s  c an  also be 
affected by m icro vascu latu re  pa tency . The degree to  w h ich  th e  
m icrovascu latu re  is  affected by  PDT is  strong ly  d ep en d en t on  th e  
p a rtic u la r type of p h o to sen sitizer u sed , for excample, som e d ru g s ex ert 
th e ir effects ind irectly  v ia  v a sc u la r d e stru c tio n  (linum a, 1999), w hile 
o th ers, su c h  a s  ALA, a re  generally  considered  to  b e  ce llu la r 
p ho to sen sitizers. I t h a s  b een  sug g ested  th a t th e  effect o f oxygen 
diffusion in to  hypoxdc tu m o r cells is  le ss  im p o rtan t if th e  m ech an ism  of
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tu m o r d estru c tio n  is  d ue  to  PD T -induced m icro v ascu latu re  dam age an d  
th a t oxygen rep len ish m en t is  c ru c ia l if  th e  d estru ctiv e  pho tochem istry  
o ccu rs v ia  sin g let oxygen-m ediated d e stru c tio n  of tu m o r cells, a s  for 
exam ple, in  ALA-m ediated PDT (linum a, 1999). T his su g g ests th a t th e  
dose ra te  effect is  strong ly  d ep en d en t on  p h o to sen sitizer type. S ince ALA 
h a s  a  negligible v a scu la r com ponent, th e  resp o n se  to  A LA -m ediated PDT 
is  expected to  b e  critically  d ep en d en t on  th e  b a lan ce  betw een  oxygen 
consum ption  an d  rep len ish m en t. S ince th is  b a lan ce  is  affected by  th e  
ra te  a t w hich  th e  ligh t dose is  given, ALA -m ediated PDT is expected  to  
exhibit significant dose ra te  dependence. T his h a s  been  confirm ed in  a  
n u m b er of stud ies . For exam ple, enhanced  tu m o r d estru c tio n  h a s  been  
observed a t low  dose ra te s  in  a  r a t  tu m o r m odel u sin g  A LA -m ediated PDT 
(linum a, 1999). A system atic  stu d y  o f dose ra te  effects in  a  h u m an  
gliom a sph ero id  m odel u sin g  ALA h a s  sig n ifican t clin ical im p lications in  
th a t  th e  re su lts  will guide u s  tow ard  th e  developm ent of op tim um  light 
delivery protocols.
S ection  1.6 L ight D ose F ractio n atio n  
D ue to  th e  rap id  a tte n u a tio n  of lig h t in  b ra in  tis su e , lig h t fluenee and , 
hence fluenee ra te , decrease  ra p id ^  w ith  d istan ce  firom th e  lig h t source. 
T hus, h igh  la se r pow ers a re  req u ired  in  o rd er to  achieve sig n ifican t cell 
dam age a t 1-2 cm  d e p th s in  th e  BAT. N ot su rp risin g ly , th e  tis su e  in  
d o se  proxim ity  to  th e  ap p lica to r w ill be exposed to  very  h ig h  fluenee
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ra te s . T his is  p rob lem atic  since h igh  flnence ra te s  re su lt in  sign ifican t 
oxygen dep letion  a n d  re s u lta n t poor PDT outcom e. It h a s  b een  
p o stu la ted  th a t m odu lating  th e  o u tp u t o f th e  la se r lig h t source (e.g. by 
in tro d u c in g  b rie f d a rk  in te rv als d u rin g  irrad ia tio n ) will allow  for 
reoxygenation, th u s  p roducing  a  h ig h er cytotoxdc sin g let oxygen yield  an d  
u ltim ate ly  re su ltin g  in  h ig h er cell k ill. T he op tim um  d a rk  in te rv al 
d ep en ds on  th e  ra te  of reoxygenation, i.e ., on  th e  d istan ce  of th e  cells 
from  th e  oxygen so u rce  (d) an d  on  th e  ra te  of oxygen diffiision (D). The 
ch a rac te ristic  d iffiision  tim e of oxygen in  tis su e  is  given by:
A ssum ing a  d iffiision  c o n s ta n t of 1460 jim^ s^  [Nichols, 1994) an d
u sin g  d istances rang ing  from  150-200 fxm, charac te ristic  diffusion tim es 
range from  15 to 27  s. Knowledge of th e  oxygen diffusion tim e allows 
optim ization of th e  d a rk  in terval. The effectiveness of various d a rk  
in te rv als du ring  high-ffuence ra te  PDT will be  investigated in  a n  in vitro 
h u m a n  gliom a sph ero id  system . T he re s u lts  w ill b e  com pared  to  a  
sim ple th eo re tica l m odel o f oxygen diffiision.
S ection  1.7 R epetitive PDT 
To d a te  a ll PDT tria ls  involving b ra in  tu m o rs  have em ployed sh o rt­
te rm  in traop era tiv e  o r ste reo tac tic  lig h t deliveiy tech n iq u es 
(K rishnam urthy , 2CKX); Papovic, 1996). T h is is  un likely  to  elim inate  cells
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deep in  th e  BAT d u e  to  th e  Inab ility  to  deliver toxic th resh o ld  ligh t 
flu en ces in  a  reaso nab le  tim e period . F or exam ple, th e  fluenee a t a  d ep th  
of 1 cm  in  b ra in  tis su e  is  approx im ately  2% of th a t in  tis su e s  
im m ediately  a (^acen t to  th e  lig h t so u rce  (M adsen, 2003). D ue to  th e  
d ifficu lties asso ciated  w ith  rap id  lig h t a tte n u a tio n  in  b ra in  tis su e , 
a lte rn a tiv e  trea tm en t stra teg ie s have b een  proposed . In  a  se ries of 
sim ple fn uitro stu d ies , M adsen e t a l. (M adsen, 2003) have investigated  
th e  efficacy of repetitive w eekly o r b i-m on th ly  PDT trea tm e n ts . In  each  
trea tm e n t, ligh t fluences w ere p u rp o se ly  k e p t below  toxic th resh o ld s to  
s im u la te  conditions typically found  a t  1-2 cm  dep th s in  the  BAT. The 
re su lts  show  th a t  m ultiple PDT tre a tm e n ts  c a n  be  very effective, a t  leas t 
w hen  th e  ligh t is delivered a t  fluenee ra te s  of 25  mW cm ^. The efficacy 
of m ultip le  low-fluence ra te  (2.5 mW  cm ^) PDT trea tm e n ts  is unknow n.
Section 1.8 In vitro T um or Model: The Spheroid 
P re d in ic a l re sea rch  is  ty p ic a l^  co n d u cted  e ith e r in uiiro u sin g  
trad itio n a l m onolayer cell c u ltu re s , o r in  an im al m odels. M ulticell 
sp h ero id s have a  com plexity in te rm ed ia te  to  th ese  m odels an d  offer 
u n iq u e  re sea rch  advan tages. F or exam ple, th e  3 -d im ensional 
m u lü cellu la r a rch itec tu re  b e tte r m im ics th e  com pact sp a tia l o rgan ization  
an d  in te rce llu la r com m unication  of a  so lid  tu m o r's  m icroenvironm ent, 
b u t in  th e  absence  of th e  dynam ic in flu en ces of a n  in ufoo m odel. 
Specifically, th e  3 -d im ensional geom etry  re su lts  in  he terogeneous
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su b p o p u la tio n s of cells differing in  p ro liferation , n u tritio n a l, m etabolic 
an d , m o st im portan tly , oxygenation s ta tu s  (S u therland , 1971). The local 
env ironm en t su rro u n d in g  th e  v ario u s cells in  th e  sp h ero id  is  dep enden t 
o n  th e ir  position  th u s  m im icking th e  g rad ien ts fou n d  in  solid tu m o rs.
S ection  1.9 P u rpose an d  S ignificance of th e  S tudy : R esearch  Q uestions 
In  th is  th e s is , th e  resp o n se  of h u m an  gliom a sp h ero id s to  various 
lig h t delivery schem es is  investigated . In  p a rticu la r, th e  effects of 
fluenee, fluenee ra te , ligh t dose fi-actionation a n d  long-term  rep e a t PDT is 
considered . Specifically, u n d e r h igh  fluenee ra te  co nd ition s i.e. 150 mW  
cm"2, th e  effect o f in te rru p te d  pho to  irrad ia tio n  is s tu d ied . Cyclic o n / off 
lig h t delivery ran g in g  from  15 to  60  s  is  in vestigated  b a sed  on  th eo re tica l 
e stim ates of oxygen diffusion tim es. T h is tim e allocation  provides for 
vary ing  degrees of oxygen dep letion  an d  su b se q u e n t rep len ish m en t. 
O verall PDT efficacy is  evaluated  by m onitoring  sp h ero id  grow th an d  by 
scoring  sphero id  survival. T he efficacy of fiac tio n a ted  h ig h  fiuence ra te  
delivery schem es is  com pared  to  co n tin u o u s low  fiuence ra te  delivery. It 
is  hypothesized  th a t for a  given fiuence, h igh  fiuence ra te  PDT c an  be 
m ade a s  effective a s  low  fiuence ra te  PDT by th e  in tro d u c tio n  of a n  
ap p ro p ria te  d a rk  in terval. T he c lin ical significance is  th a t tre a tm e n t 
fcdlure resu ltin g  d irectly  fiom  h igh  fiuence ra te -in d u ced  oxygen dep letion  
m ay be overcom e th ro u g h  p ro p er m od u la tio n  o f th e  lig h t so u rce. T um or 
reg ions im m ediately  ad jacen t to  th e  lig h t so u rce  w here h igh  fiuence ra te s
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a re  p re se n t w ould benefit m o st from  th is  type of tre a tm e n t protocol. 
Im proved local tu m o r contro l is  likely.
Low fiuence ra te  ligh t delivery is  also  investigated . The effect of 
fiuence ra te  on  outcom e is  evaluated  by  sco ring  sp h ero id  survival. T he 
effect o f rep ea ted  low fiuence ra te  deliveiy  of su b -th resh o ld  fiuences is 
cdso investigated . E)valuation w ill be  in  te rm s of b o th  sph ero id  grow th 
k in etics a n d  overall survival. The re su lts  w ill b e  com pared  to  v ario u s 
o n e-sho t fiuence trea tm e n ts . I t is  hypo thesized  th a t a t low  fiuence ra te s  
i.e. 25  mW cm   ^ an d  below, th e  efficacy of repeated  PDT trea tm en ts  is 
Independen t of fiuence rate . T his im plies th a t  u n d e r  conditions of am ple 
reoxygenation, accum ulation  of PDT in su lt is  possib le  by employing 
repetitive trea tm e n t protocols. Clinically, single in tra-opera tive  PDT of 
th e  b ra in  h a s  been  ineffective. Failure  is  due  in  p a r t  to insufficient 
fiuence deliveiy  to  cm  d ep th s in  th e  resec tio n  m arg in . It m ay be possib le  
to  tak e  advantage of low fiuence ra te  efficacy w ith o u t im practically  long 
trea tm e n ts  tim es by  rep eatin g  tre a tm e n ts  a t w eekly in te rv als.
T he m ode of cell d e a th  a s  a  fu n ctio n  o f fiuence ra te  is  exam ined u sin g  
a  TUNEL assay . T he clin ical sign ificance of th is  s tu d y  d irectly  co rre la tes 
to  p a tie n t's  quality  o f life. E lucidation  of th e  lin k  betw een  fiuence ra te  
an d  m ode of cell d e a th  could  p o ten tia lly  m inim ize p o st photodynam ic 
trea tm e n t edem a of th e  b ra in .
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CHAPTER 2
METHODOLOGY 
S ection  2.1 Cell C u ltu res 
T h is s tu d y  w as conducted  on a  g rade IV h u m an  GBM cell line  (ACBTj, 
w hich  w as a  g enero u s gift h u m  G. G ranger, U niversity  of C ahfbm ia, 
Irvine, USA. C ells w ere cu ltu red  in  m onolayer u sin g  D ulbecco 's M odified 
M edium  (DMEM) (Gibco, G rand  Islan d , NY) w ith  h igh  g lucose an d  
sup p lem en ted  w ith  penicillin  (100 U /m l), 2  mM L-glutam m e, 
strep tom ycin  (100 pg/m l) an d  10% h ea t-in ac tiv a ted  fe ta l bovine se ru m  
(Gibco, G rand  Island , NY). C ells w ere in cu b a ted  a t  37°C in  a  7.5%  CO2 
hum idified  a tm osphere. M edium  w as chan g ed  th re e  tim es w eekly. A t a  
70%  confluen t density , cell aggregates, co n sistin g  of approxim ately  10 
cells, w ere tran sfe rred  to  p e tri d ish es. R e su lta n t sphero ids, con sistin g  
of approxim ately  4 0 -50  sp hero id s p e r d ish , w ere m ain ta in ed  in  DMEM 
su p p lem en ted  a s  described  above a n d  grow n to  sizes o f 400-500  pm  in  
d iam eter. A pproxim ately tw enty-one d ays w ere req u ired  to  re a c h  th is  
size. Ind iv idual sp h ero id s w ere se lec ted  by  p assag e  th ro u g h  a  sized 
sc reen  m esh  (Sigm a, S t. Louis, MO) y ield ing  th e  desired  exqxeiim ental 
size of 450 pm  in  d iam eter. S phero id  size w as verified im m ediately
15
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follow ing irrad ia tio n  v ia  m easu rem en t of tw o o rthogonal axes u sin g  a  
m icroscope w ith  a  ca lib ra ted  eyepiece m icrom eter.
Section  2 .2  F ln e n ce / F iuence R ate S tu d ies
S phero ids w ere in cu b a ted  in  1000 p g /m l co n cen tra tio n  of 5- 
am inolevulic acid  hydrochloride (Sigm a, S t. Louis, MO) for a  p eriod  of 4  
h o u rs  p rio r to  irrad ia tio n . L ight fiom  a n  argon  ion-pum ped  dye la se r a t 
635 n m  (C oherent, Inc., S a n ta  C lara, CA) w as coupled  in to  a  200  pm - 
d iam eter op tical fiber con ta in in g  a  m icro lens a t th e  o u tp u t. S phero ids 
w ere irrad ia ted  in  a  35-m m  petri d ish  container. In  th e  fiuence stud ies, 
sphero ids were exposed to  a  c o n s tan t fiuence ra te  of 25 mW c m ^  for 
fiu en ces o f 12.5, 25, 50  a n d  100 J  cm ^. In  th e  fiuence ra te  stu d ie s , 
fiuence w as held  c o n sta n t a t 50  J  cm  2, delivered a t fiuence ra te s  o f 5, 
25, 50, 75 an d  150 mW cm  .^
Following irrad iations, sphero ids from  each  group w ere tran sfe rred  to 
ind iv idual w ells of a  48-w ell c u ltu re  p la te  w here th ey  w ere m ain ta in ed  a s  
described  above. A m icroscope w ith  a  ca lib ra ted  eyepiece m icrom eter 
w as u sed  to  m easu re  o rthogonal axes of each  sp h ero id  d iam eter tw ice 
weekly. Topically, 10 to  12 sp h ero id s w ere followed for each  irrad ia tio n  
condition . S ince each  tr ia l w as perform ed 3 o r 4  tim es, a  to ta l o f 30  to  
50  sp hero ids w ere follow ed for a  given se t o f p a ram ete rs . S phero ids w ere 
followed for u p  to  35  days.
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S ection  2 .3  M ode of Cell D eath  
A pproxim ately 24  h o u rs  following trea tm en t, sp h ero id s w ere rem oved 
from  th e  w ell p la te s  a n d  ûxed In 2% form aldehyde for 24  h o u rs. 
S phero ids w ere w ashed  th re e  tim es  In PBS a n d  sub jected  to  th e  
D eadEnd™  F lourom etric TUNEL i^ s te m  (Prom ega C orp., M adison, WI, 
ILKSuAJ -  a  c lassic  TUNEL a ssa y  th a t  m easu re s n u c le a r DNA h n g m en ta tio n  
in  apop to tic  cells b y  in co rpo ra ting  flu o rescein -12-dU l'P  a t 3 -OH DNA 
en ds u sin g  th e  enzym e TdT. H ie  fluorescein  label w as th e n  d e tec ted  by 
tw o-photon scan n in g  fluorescence m icroscopy (Coleno, 1999). 
F luorescein  w as excited a t  a  w avelength of 800 n m  from  100 fs light 
pu lses p roduced  by a  m ode locked tita n iu m  sap p h ire  la se r (Coherent, 
Inc). H ie  re su lta n t fluo rescence Im ages w ere collected u sin g  a  lo ng -pass 
(530 nm  cut-off) filter (CVI, A lbuquerque, NM, USA). Im ages were 
acquired  over sphero id  d e p th s  rang ing  from  20  to  120 |im . D epth  
d iscrim ination  w as accom plished  by ad ju sting  th e  Z position  of th e  lOX 
(0.3 N.A.) objective, (Zeiss, H iom w ood, NY, U S ^ . Im age acq u isitio n  
tim es w ere of th e  o rd er o f 15 s  (10 fram es a t 1.5 h n m e s /s ). H ie  to ta l 
n u m b er of apop to tic  cells In  each  Im age w as determ ined  by  co u n tin g  th e  
n u m b er of fluorescing  nuclei.
H ie  apop to tic  h a c tlo n  (AF) w as determ ined  from  th e  follow ing 
equation:
AF = Nf/Nt (2)
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w here Nf is  th e  n u m b er of fluorescing  n u c le i an d  Nt is  th e  to ta l n u m b er of 
cells in  th e  held  of view  (200 |im  x  200  gm). In  o rd er to  determ ine th e  
to ta l n u m b er of cells, con tro l sp h ero id s w ere sta in e d  w ith  100 pg m l  ^
DAPI (M olecular P robes, Inc., E ugene, OR, USA) -  a  nucle ic  acid  s ta in  
th a t a sso c ia tes w ith  th e  m in o r groove of d o u b le-stran d  DNA, 
p referen tially  b ind ing  to  AT b a se  p a irs . Ebccitation of b o u n d  DAPI (Xpeak = 
370 nm ) re su lts  in  b lu e  fluorescence (X^ peak = 465  nm ). DAPI fluorescence 
w as im aged u sin g  th e  tw o-photon  fluorescence m icroscope system . 
N uclear m orphology of rep resen ta tiv e  D A PI-stained sp hero ids in  each  
trea tm en t g roup w as s tud ied  from  h igh  reso lu tion  (63X) tw o-photon 
fluorescence im ages.
Selected sp h ero id s (positive contro ls) w ere e]qx)sed to  DNase I, w hich  
m im ics ap op to sis by  in d u cin g  h ag m en ta tio n  of chrom osom al DNA. H ie  
re su lta n t exposed 3'-OH DNA en d s w ere labeled w ith  fluorescein an d  
im aged as previously described. Negative contro ls deno te  sphero ids th a t  
w ere n o t sub jected  to  an y  trea tm e n t. H iey  rep re se n t th e  am bien t level of 
ap op tosis in  th is  in  v itro  system .
The apop to tic  h a c tio n  w as determ in ed  for 3  sp h e ro id s in  each  con tro l 
o r trea tm e n t group. S ince each  tre a tm e n t w as rep eated , th e  apop to tic  
h a c tio n  w as averaged over 6  sp h ero id s. In  a ll cases, ap op tosis w as 
evaluated  a t a  sphero id  d e p th  of 60  pm .
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S ection 2 .4  Short-T erm  F ractio n atio n  S tud ies 
S phero ids w ere in cu b a ted  in  1000 p g /m l co n cen tra tio n  of 5- 
am inolevulic acid  hydrochloride (Sigm a, S t. Louis, MO) for a  period  of 4  
h o u rs  p rio r to  irrad ia tio n . L ight from  a n  argon  ion-pum ped dye la se r a t 
635  n m  (C oherent, Inc., S a n ta  C lara , CA) w as coupled  in to  a  200  pm - 
d iam eter op tical Ê ber con ta in in g  a  m icro lens a t th e  o u tp u t. L ight w as 
p ro jected  onto  th e  sp h ero id s in  a n  open  35-m m  p e tri d ish  co n ta in e r for 
v a rio u s trea tm e n t tim es, i.e. th e  d a rk  com pensated  tim e n ecessa ry  to  
achieve to ta l ligh t fluences of 50  J .  L ight w as delivered an d  in te rru p te d  
for equal periods of 5, 15, 30, 45  a n d  60  seconds. C ontro l g ro u p s of 
con tinuous ligh t deliveiy (50J + ALA) a n d  light-only contro ls u s in g  th e  30 
s o n /o ff  fractionation  regim en w ere u se d  for com parative pu rposes. All 
trea tm e n ts  were carried  o u t a t  a  fluence ra te  of 150 mW cm ^.
Following irrad iation , betw een  16 a n d  24  sphero ids from  each  group 
were tran sfe rred  to indiv idual w ells of a  48-well cu ltu re  p late  w here they  
w ere m ain ta in ed  a s  described  above. S phero id  grow th w as m onitored  for 
u p  to  28  days u sin g  a  m icroscope w ith  ca lib ra ted  eyepiece m icrom eter to  
m easu re  o rthogonal axes o f each  sp h ero id  d iam eter tw ice w eekly. T he 
experim ent w as rep eated , to ta lin g  betw een  32 to  48  sp h ero id s ev aluated  
for each  se t o f experim ental p a ram ete rs .
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S ection  2 .5  R epetitive PDT S tud ies 
S phero ids w ere in cu b a ted  in  100 pg m l  ^ ALA (Sigm a, St. Louis, MO) 
fo r approxim ately  4  h o u rs . In  a ll cases, sph ero id s w ere irrad ia ted  w ith  
635  n m  light from  a n  argon  ion-pum ped  dye la se r (C oherent, Inc., S a n ta  
C lara , CA). L ight w as coupled  in to  a  200  pm  dia. op tical h b e r con ta in ing  
a  m icro lens a t th e  o u tp u t end . S phero ids w ere irrad ia ted  in  a  p e tri d ish . 
A 2 cm  d iam eter g a sk e t w as p laced  in  th e  d ish  to  c o n fn e  th e  sp h ero id s 
to  th e  cen tra l p o rtion  of th e  d ish  a n d  th u s  lim it th e  ex ten t o f th e  
irrad ia ted  held. H ie  sp h ero id s w ere grow n a s  b u lk  c u ltu re s  in  p e tri 
d ishes, each  con tain ing  approxim ately  40 -50  spheroids. Since each  tria l 
w as perform ed 2 or 3 tim es, a  to ta l of 80  to  150 sphero ids were followed 
fo r a  given se t of p a ram ete rs . O ne of th e  c u ltu re s  received no tre a tm e n t 
a n d  acted  a s  a  con tro l. H ie  o th e r c u ltu re s  received PDT tre a tm e n ts  
u sin g  light fluences of e ither 12.5 or 25 J  cm   ^ a t  fluence ra te s  of 2 .5  mW 
cm'2 or 25 mW cm  .^ Som e of th e  c u ltu re s  were trea ted  only once, w hile 
th e  o th ers w ere tre a te d  4 tim es a t  w eekly in tervals. S phero ids w ere 
in cu b a ted  in  ALA p rio r to  each  trea tm e n t. In  th e  case  of th e  low  fluence 
ra te  stu d y  (2.5 mW  cm  2), irrad ia tio n  w as perform ed in  a n  in cu b a to r in  
o rd er to  m ain ta in  physiological co n d itio n s du rin g  th e  long irrad ia tio n  
tim es. A fter each  trea tm e n t, sp h e ro id s w ere w ashed  a n d  re -su sp en d ed  
in  m edium .
Following th e  la s t lig h t irrad ia tio n , individucil sp h ero id s h o m  th e  b u lk  
cu ltu res  w ere p laced  in to  se p a ra te  w ells of a  48-w ell c u ltu re  p la te  an d
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m onito red  for grow th. S pheroid  sizing  w as accom plished  by m easu rin g  
tw o p erp en d icu lar d iam ete rs o f each  sph ero id  u sin g  a  m icroscope w ith  a  
ca lib ra ted  eyepiece m icrom eter. S phero ids w ere followed for u p  to  8 
w eeks.
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RESULTS 
Section  3.1 D ata  A nalyses 
S ection  3 .1 .1  F lu en ce / F luence  R ate S tu d ies 
The effect of lig h t fluence on  sp h ero id  su rv ival w as evaluated  by 
m easu rin g  sphero id  grow th following PDT. A sphero id  w as considered  to  
have survived trea tm e n t if  grow th w as observed  w ith in  th e  30  days. It is 
show n th a t trea tm e n t outcom e d epend s critically  on  lig h t Huence. A t th e  
investigated  H uence ra te  o f 25  mW  c m  a  th resh o ld  H uence valu e  of 
approxim ately  50  J  cm ^  is  observed below  w hich  th e  tre a tm e n t h a s  no 
effect on  overall sphero id  survival. In  95%  of th e  sphero ids trea ted  a t  or 
above 50 J  cm   ^p ro liferative capacity  w as n o t regained  du ring  th e  30-day  
observation period. The d a ta  are  c o n s is ten t w ith  th e  hypo thesis th a t  
com plete resp o n se  req u ires th e  ab so rp tio n  of a  c ritica l am o u n t of p h o to n  
energy by th e  p h o to sen sitizer in  o rd er to  ex ac t dam age.
F igure 3.1 H lustra tes tre a tm e n t outcom e a s  a  fu n ctio n  of H uence ra te . 
In  a ll cases, a  th resh o ld  H uence of 50  J  cm  ^ w as delivered. R esu lts 
ind icate  th a t su rv ival is critically  d ep en d en t on  th e  ra te  o f lig h t delivery. 
As H uence ra te  is  in creased  ffom  25  to  150 mW  cm  th e  m axim um  
H uence ra te  in vestigated  in  th is  s tu d y , sph ero id  su rv ival in c reases.
22
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T here ap p ea rs to  be a  th resh o ld  a t  ca. 25  mW  cm ^ below  w hich  
ou tcom es a re  sim ilar. The u p p e r lim it on  H uence ra te  w as chosen  to  
avoid confounding  hypertherm ic  effects w h ich  a re  possib le  a t
(/)
0.8
0.6
0 .4
0.2
0 A
25 50 75 150
F luence R ate (mW cm ^  1
F igure 3.1 Survival a s  a  fu n c tio n  o f H uence ra te  for sp h ero id s exposed to  
H uences of 50 J  cm ^. E hch  d a ta  p o in t re p re se n ts  th e  m ean  of 30 -50  
sphero ids. E rro r b a rs  denote s ta n d a rd  e rro rs .
approxim ately  200 mW  cm ^. The d a ta  strong ly  su g g est en h an ced  PDT 
outcom e a t  low H uence ra te s . T he p o ssib ility  o f s ignific a n t PDT effect a t 
H uence ra te s  low er th a n  5 mW  cm ^  can n o t be ru led  o u t. S u ch
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experim ents a re  difB cult to  perform  d ue to  th e  long irrad ia tio n  tim es 
req u ired  to  deliver th resh o ld  fluences.
S ection  3 .1 .2  M ode of CeU D eath  
The ffaction  of apop to tic  cells in  sp h ero id s sul^jected to  v ariou s 
tre a tm e n t regim ens a re  sum m arized  in  F igure 3 .2 . Low H uence ra te s  
ap p ea r to  be effective a t  in d u cin g  ap op to sis, a s  evidenced by  a  h igh  
apop to tic  frac tion  of 0 .76 . T his value  is  s ta tis tica lly  equ ivalen t to  DN ase 
I exposed sp h ero id s (positive control) w h ich  is  a n  artiH cially in d uced  DNA
Pos.
C on tro l
Neg.
C ontro l
PDT
(2 5 /25 )
I A poptotic F raction  0 .8 0.11 0 .76
PDT
(15 0 /5 0 )
0 .17
F igure 3 .2  TUNEL a ssa y  - derived apop to tic  frac tio n s of rep resen ta tiv e  
h u m an  gliom a sph ero id s su b jec ted  to  speciH ed PDT H uence ra te  /  
Huence, positive co n tro l (DNase I exposed) a n d  negative con tro l 
(un treated). E rro r b a rs  d eno te  s ta n d a rd  e rro rs.
fragm en ta tio n  p ro cess u se d  fo r co n tro l p u rp o ses. In  c o n tra st, h ig h  
H uence ra te s  ap p ea r to  b e  ra th e r  ineffective a t in d u cin g  ap o p to sis - only
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17% of th e  im aged cells d ied  by apo p to sis. The im ages acqu ired  v ia  two- 
p h o to n  fluorescence m icroscopy a re  d isp layed  in  Hgure 3 .3 . C ells in  
u n tre a te d  sphero ids (Figure 3 .3a) a re  charac terized  by  w ell-deH ned, oval­
sh a p ed  nuclei.
F igure 3.3 Tw o-photon fluorescence im ages (X-Y p lane, Z = 30 - 50 gm) of 
DAPI-stained nuclei from  (a) Cells in  u n tre a te d  sphero id s (b) Cells in  low 
fluence ra te  PDT trea ted  sphero ids (25 m W /25  J) (c) Cells in  h igh  
fluence ra te  PDT trea ted  sphero ids (150 m W /50  J). The scan  region is 
approxim ately  35 x  35  pm . In  each  im age, th e  n u c le u s  is  deno ted  by  n .
Low H uence ra te  PDT (Figure 3.3b) p ro d u ces irreg u la r sh ap ed  n u c le i - 
m o st nucle i ap p ea r to  be  in  th e  p ro cess o f d isin teg ratin g . T his 
ap p earan ce  is  co n sis ten t w ith  th e  m orphologic ch an g es observed  d u rin g  
apoptosis. T here ap p ea rs  to  be n u c le a r H agm entation  an d  se p a ra tio n  
in to  phagocytotic bodies. In  co n trad is tin c tio n , high-H uence ra te  PDT
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(Figure 3.3c) ap p ea rs to  have little  effect on  n u c le a r m orphology. The 
en larged , sw ollen app earan ce  of th e  cell m ay in d icate  th a t it  is  in  th e  
early  stag es o f n ecrosis.
S ection  3 .1 .3  Short-T erm  F ractio n atio n  S tu d ies 
M ean sph ero id  surv ival a s  a  fu n ctio n  of ffac tio n a ted  ligh t delivery 
schem e is  show n in  F igure 3 .4 . As expected , a ll sp h ero id s exposed to  
co n tin u o u s high-H uence ra te  PDT survived  trea tm e n t. T his re su lt is 
co n sis ten t w ith  th e  d a ta  p resen ted  in  F igure 3 .1 . T here ap p ea rs  to  be a
F igure 3 .4  S phero id  surv ival a s  a  fu n ctio n  of H actionated  lig h t deliveiy 
schem e- (continuous), 5, 30, 45, 6 0 s o n / oH irrad ia tio n  (150 mW  cm  
F luence R ate; 50  J  cm-^ F luence; KXX) p g /m l A U ^. C ontro l in d ica tes 
lig h t/ no d rug , 60  sec  o n /o H  cycle. E rro r b a rs  deno te  s ta n d a rd  e rro rs.
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slig h t decrease in  sphero id  su rv ival w ith  decreasing  o n /o ff tim es, 
how ever, th is  is  likely n o t s ta tis tica lly  signiH cant. E)ach regim en re su lts  
in  approxim ately  65%  survival- essen tia lly  a  35%  im provem ent over 
co n tin u o u sly  delivered light.
T he d a ta  in  F igure 3 .4  show  th a t a  signtH cant red u c tio n  in  sphero id  
su rv ival can  b e  achieved by  in tro d u cin g  d a rk  in te rv als d u rin g  h igh- 
H uence ra te  PDT. It sh o u ld  be no ted  th a t th e  red u c tio n  in  sphero id  
su rv ival is  n o t a s  p ro n ou n ced  a s  th a t w hich  c an  b e  achieved by  low ering 
th e  H uence ra te  (Figure 3.1). T he d a ta  in  F igure 3 .4  su g g est a n  op tim al 
o n / oH cycle o f som ew here betw een  5 an d  45 s  for 475 pm  d iam eter 
sphero ids.
S ection  3 .1 .4  R epeat PDT S tu d ies
T he effects of m u ltip le  v e rsu s  a  single tre a tm e n t pro tocol a re  
illu s tra te d  in  F igure 3 .5 a  a n d  b . T he re su lts  h e re  a re  d ram atic . A single 
tre a tm e n t co n sistin g  of a  su b -th resh o ld  fluence of 12 J  c m   ^ o r 25 J  cm ^ 
w as ineffectual a t  a  25  mW  cm ^  H uence ra te . O verall tre a tm e n t efdcacy 
w as m arkedly  im proved for b o th  H uence v a lu es w hen  rep ea tin g  th e  
tre a tm e n t w eekly. T he m o st favorable resp o n se  w as observed a t th e  
low er H uence ra te  (2.5 mW  cm ^), in  w hich  case  a  90%  sph ero id  kffl w as 
achieved.
E ffects of m u ltip le  tre a tm e n ts  on  grow th k in e tics a re  H lustra ted  in  
F igures 3 .6 a  a n d  b . C om pared to  co n tro ls w h ich  show  100%  of 
sph ero id s hav ing  d iscernab le  clonogenic cap acity  a t 4  w eeks, 100%  of
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th e  sp h e ro id s exposed to  25  J  x  4  tre a tm e n ts  w ere grow th in h ib ited  for 
a n  id en tica l period. A pproxim ately 70%  of th e  sph ero id s having  
u n d erg o n e  rep eated  su b -th resh o ld  fluence (25 J  cm ^) trea tm e n ts  
ap p eared  to  have lo st proliferative capacity  for th e  len g th  o f observation , 
i.e. e ig h t w eeks.
In  th e  case  of th e  low er fluence delivery (12.5 J  cm-^), a  sign ifican t 
55%  o f th e  sp h ero id s rem ain ed  su p p re ssed  for th e  fu ll e igh t w eek 
observation  period.
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F igure 3 .5 a  Survival a s  a  fu n c tio n  of PDT tre a tm e n t protocol. All 
sphero ids w ere exposed to  a  fluence ra te  of 25  mW  cm  E rro r b a rs  
denote s ta n d a rd  e rro rs.
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F igure 3 .6 b  show s th e  low er fluence ra te  to  b e  su p e rio r a t tu m o r 
sph ero id  grow th su p p ressio n . No grow th w as observed  for th e  25  J  x  4  
g roup  for 6  w eeks p o st irrad ia tio n  a s  com pared  to  a  com pletely
100
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F igure 3 .5b  Survival a s  a  fu n c tio n  of PDT tre a tm e n t pro tocol. All 
sphero ids w ere exposed to  a  fluence ra te  of 2 .5  mW  cm ^. E rro r b a rs  
deno te  s ta n d a rd  erro rs.
ineffectual single fraction . I b is  is  a  m arked  im provem ent over th e  h ig h er 
fluence ra te  (Figure 3.6a) w here approxim ately  20%  of th e  sp h e ro id s w ere 
v iable 6 w eeks p o st irrad ia tio n .
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F igure 3 .6 a  G row th k in e tics o f sp h e ro id s e]qx)sed to  e ith e r 12.5 o r 25  J  
cm  2 by 4  rep ea ted  tre a tm e n ts  com pared  to  a  single 25  J  cm ^  h ac tio n . 
In  a ll cases, sp h ero id s w ere e^gosed  to  a  25  mW  cm   ^ h u en ce  ra te . 
S phero ids in  th e  re p e a t g ro u p s w ere irrad ia ted  in  b u lk  c u ltu re  on  d ay  0, 
a n d  w eeks 1, 2 an d  3. Follow ing th e  la s t trea tm e n t, sp h ero id s w ere 
rem oved h o m  b u lk  c u ltu re  a n d  p la ted  o u t in  ind iv idu al w ells. S pheroid  
grow th w as m onitored  for a n  ad d itio n a l 5 w eeks. C ontro ls rep re se n t 
u n tre a te d  sp hero id s. E ach  p o in t re p re se n ts  th e  m ean  of betw een  80  an d  
150 sph ero id s. E rro r b a rs  deno te  s ta n d a rd  erro rs.
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F igure 3 .6b  G row th k in etics o f sp h e ro id s exposed to  e ith e r 25 J  c m   ^ in  4  
rep ea ted  trea tm e n ts  com pared  to  a  sing le 25  J  cm   ^fraction . In  a ll cases, 
sp h ero id s w ere exposed to  a  2 .5  mW  cm  ^  fluence ra te . S phero ids in  th e  
re p e a t g roups w ere irrad ia ted  in  b u lk  c u ltu re  on  day  0, an d  w eeks 1, 2 
a n d  3. Following th e  la s t trea tm e n t, sp h ero id s w ere rem oved from  b u lk  
c u ltu re  an d  p la ted  o u t in  ind iv idu a l w ells. S phero id  grow th  w as 
m onitored  for a n  ad d itio n al 4  w eeks. C on tro ls rep re se n t u n tre a te d  
sphero ids. E ach  p o in t re p re se n ts  th e  m ean  of betw een  80  a n d  150 
sph ero id s. E rro r b a rs  deno te  s ta n d a rd  e rro rs.
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S ection  3 .2  D iscussion  an d  S ta tis tica l A nalysis o f R esearch  Q uestions 
S ection  3 .2 .1  F lu en ce / F luence R ate E h ects 
I t h a s  been  show n in  th is  stu < ^  th a t  th e  resp o n se  of h u m an  gliom a 
sp h ero id s to  ALA-m ediated PDT d ep end s n o t only on  th e  to ta l ligh t 
fluence  b u t also  on  th e  ra te  a t w hich  th e  lig h t fluence is  delivered. The 
fluence ra te  re su lts , w hich  a re  sum m arized  in  F igure 3 .2 , a re  in  
q ua lita tive  agreem ent w ith  th e  findings  of F o ste r e t al. [Foster, 1993) w ho 
observed  signific a n t fluence ra te  eh ec ts in  a  m u rin e  m am m ary carcinom a 
sphero id  m odel u sin g  Photofrm  - a  first generation  photosensitizer. The 
re su lts  of th e  s tu d y  p resen ted  in  th is  th e s is  c an  be  in te rp re ted  by 
invoking th e  self-sensitized singlet oxygen-m ediated bleaching  m odel of 
G eorgakoudi e t al. (G eorgakoudl, 1998). In  th is  m odel, th e  d e ta ils of th e  
sp a tia l d istrib u tio n  of sin g let oxygen an d , therefo re  of b leaching , depend  
on  th e  fluence ra te . The c en tra l p red ic tio n  of th is  m odel is  th a t, a t  a  
p a rticu la r depth, singlet oxygen concen tra tion  in c reases a s  fluence ra te s  
decrease. As a  re su lt, photodynam ic dam age w ill ex ten d  fu rth e r in to  th e  
sp hero id  a s  th e  fluence ra te  is  low ered. T h u s, PDT ad m in istered  a t low er 
fluence ra te s  will yield im proved th e ra p e u tic  resp o n se  sin ce  sin g let 
oxygen is delivered to  a  la rg er volum e of tu m o r cells.
T he re su lts  p resen ted  h e re  a re  o f s ignific a n t clin ical relevance since 
th ey  suggest th a t it m ay be possib le  to  eh ect s ig n ih can t dam age to  cells 
resid in g  deep in  th e  BAT w hich  a re  exposed to  relatively  low  fluence 
ra te s . T hus, it  m ay b e  p ossib le  to  achieve local con tro l w ith  ALA-
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m ed iated  PDT. A p o ten tia l problem  is  th e  lack  of ce llu la r response  to  
h igb-fluence ra te  PDT, su c h  a s  w ould b e  expected  in  b ra in  tis su e  close to  
th e  lig h t source. Im proved PDT resp o n se  in  h igh-fluence ra te  regions 
m ay b e  possib le th ro u g h  th e  in tro d u c tio n  of d a rk  cycles d u rin g  
trea tm e n t. The c lin ical n ecessity  of su c h  sh o rt-te rm  lig h t h ac tio n a tio n  is  
unknow n, especially  in  view of recen t s tu d ie s  (M adsen e t a l. 2000) 
show ing only a  w eak fluence ra te  dependence on  PDT outcom e a t  h ig her 
H uences (^ 200  J  cm  2).
Section  3.2 .2  M ode of Cell D eath  
As illu stra ted  in  Figure 3.2, low-fluence ra te  ALA-PDT re su lts  in  
significant apoptotic death . This is likely due  to  th e  fact th a t  PpIX, th e  
active ph o tosensitizer, localizes to  th e  m ito ch o nd ria l m em brane. The 
ineffectiveness o f h igh-fluence ra te  PDT is  likely d u e  to  th e  fac t th a t th e  
photodynam ic dose is confined to  th e  o u te r rim  of th e  sphero id  (Foster, 
1993). Since th e  level of apop tosis in  th is  superficial layer (< 60  pm) w as 
n o t significantly  d ifferen t firom th a t  found  in  th e  negative con tro ls (Figure 
3.2), th e  observed cell d e a th  w as a ssu m ed  to  have o ccu rred  v ia  n ecrosis. 
Indeed, th e  ap p earan ce  of D A PI-stained cells in  th e  o u te r rim  of 
sphero ids exposed to  h igh-fluence ra te  PDT is  c o n sis te n t w ith  n ecrosis. 
T h is is  n o t u nex pected  since n ecro sis  is  o ften  observed  v h e n  cells a re  
sub jected  to  extrem e tre a tm e n t co n d itio n s su c h  a s  th o se  en co u n tered  in  
th e  h igh-fluence ra te  case  - th e  fluence ra te  u se d  (150 mW  cm ^) is  ju s t  
below  th e  hyperth erm ic  th resh o ld  (approxim ately  200  mW  cm   ^ fo r m ost
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tissu es). In  add ition , high fluences have b een  show n to  kill, by  a  non- 
apo p to tic  m echanism , cells th a t undergo  ap o p tosis w ith  low er fluences 
(Luo, 1997; Separovic, 1998; Ball, 1998). T his phenom enon  h a s  been  
a ttrib u te d  to  th e  in d u ctio n  of ex tensive m em brane photodam age 
follow ing h ig h  lig h t doses, an d  h a s  b een  observed  even for 
p h o to sen sitizers having  sign ifican t m itochondria l localization  (Agostinis, 
2CXX)).
S ection  3 .2 .3  S hort-T erm  F rac tio n a tio n  E)fiects 
T he re su lts  p resen ted  in  F igure 3 .5  su g g est th a t sh o rte r o n /o fi cycles 
a re  m ore effective th a n  longer cycles. T h is is  in  qualita tive  agreem ent 
w ith  a  sim ple m ath em atica l m odel of oxygen d iffusion developed by 
Pogue an d  H asan  (Pogue, 1997). In  th is  m odel, th e  op tim al fi-actionation 
tim e is  given by:
w here t&ac is  th e  tim e for th e  m axim um  o^qrgen d iffusion  ra te  d u rin g  a  
single fraction , d  is th e  d istan ce  from  th e  oxygen supp ly , an d  D is th e  
d iffusion  c o n sta n t (1460 pm^ s^  in  h u m an  m am m ary  carcinom a 
sphero ids). S ince a  n ecro tic  core typically  develops in  sp hero id s a t 
d istan ces of 150 -  200  pm  from  its  su rface , d a rk  in te rv a ls sh o u ld  be 
cho sen  su ch  th a t cells a t th e se  d e p th s  c an  be reoxygenated . PYom 
eq u atio n  (3), th is  w ould su g g est op tim al o n /o fi in te rv a ls  of 1.9 -  3 .4  s. 
T he m odel p red ic ts th a t longer o n /o fi cycles re s u lt in  a  d ecrease  in  th e
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p ro d u ctio ii o f sing let m olecu lar oxygen p e r u n it tim e and , h en ce  to  a  
d ecrease  in  cell k illing efüciency, assu m in g  th e  sam e to ta l fluence is 
delivered (Pogue an d  H asan , 1997). It is  in te res tin g  to  no te  th a t in  th is  
sim ple m odel, th e  optim um  h ac tio n a tio n  schedu le  dep en d s only o n  th e  
oxygen diffusion  d istan ce  -  th e  op tim um  d a rk  in te rv a l is  in sensitive  to  
e ith e r th e  lig h t fluence ra te  o r an y  of th e  p ro p erties o f th e  
p h o to sen sitizer. F urtherm ore, th e  m odel p red ic ts  th a t th e  p ro d u ctio n  of 
sin g let m o lecu lar oxygen is alw ays m axim ized by  th e  u se  of low er fluence 
ra te s  a s  opposed to  any  frac tio n a tio n  sch ed u le . T h is is  in  ag reem en t 
w ith  th e  experim ental findings in  th is  th e s is  w hich  show  th a t a  red u c tio n  
in  fluence ra te  is m uch  m ore effective th a n  high-fluence ra te  
frac tionation  schem es.
If i t  is  a ssu m ed  th a t a  sign ifican t frac tio n  of v iable cells c an  be 
sufficien tly  oxygenated d u ring  a  5 s  d a rk  in terval, th e  observed d a ta  in  
Figure 3 .5  can  be explained in  te rm s of th e  n u m b e r of o n /o ff cycles. 
H enning  e t al. (H enning, 1995) have show n th a t th e  to ta l sing let oxygen 
co n cen tra tio n  in  rem ote cells d ep en d s n o t only on  th e  o n /o ff tim e 
in terval, b u t also  on  th e  to ta l n u m b er of cycles in  a  h a c tio n a ted  
trea tm en t. A lthough it is tru e  th a t longer off tim es re su lt in  b e tte r 
reoxygenation of rem ote cells, th e  to ta l sin g le t oxygen co n cen tra tio n  
exh ib its a  g rea ter dependence on  th e  to ta l n u m b er o f cycles. T he g rea te r 
th e  n u m b er of cycles, th e  h ig h er th e  sin g le t oxygen co n cen tra tio n  in
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rem ote cells an d , h ence th e  g rea te r th e  efficacy of th e  5 s  o n /o ff 
h a c tio n a tio n  schem e.
Section  3 .2 .4  R epeat T rea tm en ts 
T he p rim ary  find ing  of th is  s tu d y  is  th a t  m ultip le  PDT trea tm e n ts  
a t su b -th resh o ld  ligh t fluences re su lt in  sign ifican t in h ib ition  of sphero id  
grow th. In  a ll cases, su p p re ssio n  of grow th is  observed d u rin g  th e  en tire  
tre a tm e n t period. Low fluence ra te s  (Figures. 3 .5 b  an d  3.6b) a p p ea r to  
be m ore effective th a n  h ig h er ones (F igures 3 .5 a  a n d  3 .6a) in  th a t grow th 
su p p re ssio n  is  observed w ell beyond th e  tre a tm e n t period, how ever, 
sign ifican t re-grow th a t tim es exceeding th e  observation  period can n o t be 
ru led  out. B ased on  calcu lations of M adsen e t al. (M adsen, 2003), it 
sh o u ld  be possib le  to  tre a t to  d e p th s  o f 1.5 cm  in  th e  BAT. It is  q u ite  
possib le  th a t PDT efficacy can  be ex tended  to  even low er fluence ra te s  
th a n  those  investigated in  th is  study . T his w ould m ake deeper tis su e s  
accessible to  PDT trea tm en t. A lthough a  sm all su b -popu la tion  of 
sph ero id s alw ays ap p ea r to  survive h igh-fluence ra te  trea tm e n t, m u ltip le  
trea tm e n ts  n ev ertheless, re su lt in  a  sign ifican t red u c tio n  in  su rv ival 
com pared  to  single trea tm e n ts . T aken  together, th e  re su lts  u n d ersco re  
th e  im portance of p ro trac ted , repetitive  PDT.
T he w eekly tre a tm e n t in te rv a l ch o sen  in  th is  s tu d y  w as b a sed  
p rim arily  on  th e  p h arm aco k in e tics o f PpIX. D ue to  th e  relatively  rap id  
c learance of th is  p h o to sen sitizer, daily  frac tio n a tio n  w ill likely req u ire  
ad d itio n al ALA ad m in istra tio n , how ever, th e  system ic liver toxicity  often
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observed  w ith  fieq u en t ALA in tak e  w ould likely p reclude su c h  trea tm e n ts  
(W ebber, 1997). F u rth erm o re , due to  logistical an d  quality-of-life issu es, 
w e e k ^  o r b i-m onth ly  tre a tm e n ts  a re  m u ch  m ore appealing  th a n  daily 
h ac tio n a tio n .
T he in creased  efficacy of m ultip le  PDT is  p robab ly  d ue  to  a  n u m b er of 
fac to rs. The sp h ero id s u se d  in  th is  s tu d y  co n sist of th re e  d is tin c t zones. 
T he o u te r layer o r rim  co n sis ts  m ainly  of p ro liferating  cells, th e  m iddle 
lay er co n sists  m ain ly  of viable b u t nonpro liferating  cells, an d  th e  cen tra l 
core is  com posed p rim arily  o f n ecro tic  cells. P revious s tu d ies  have 
show n th a t th e  o u te r rim  of p ro liferating  cells is  th e  b e s t oxygenated and  
p roduce th e  la rg est am o u n ts of PpIX com pared  to  th e  o th e r layers 
(Bigelow, 2001). T he o u te r layer of p ro liferating  cells is  th erefo re  killed 
a n d  sloughs off betw een tre a tm e n ts  so th a t  sp hero id  grow th is  in h ib ited . 
Som e of th e  viable nonpro liferating  cells w ill surv ive a  su b -th resh o ld  
fluence for a  given fluence ra te  a n d  wiH com m ence grow th a fte r 
tre a tm e n t is  cu rta iled  w hen  th ey  form  a  new  o u te r layer. T his 
phenom enon p robab ly  o ccu rs in  su rg ically  tre a te d  tu m o rs  an d  
d em o n stra tes th e  im p ortan ce  of rep ea ted  access to  th e  tu m o r resec tio n  
cavity over a n  ex tended  tim e fram e, th u s  allow ing m ultip le  tre a tm e n ts . 
S u ch  schem es w ould be feasib le  in  a  c lin ical pro toco l em ploying a  n e w ^  
developed indw elling lig h t ap p lica to r (M adsen, 2001).
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CHAPTER 4
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
4.1 F luence R a te / R apid F ractio n atio n  S tu d ies 
The p rim ary  find ing  of th is  th e s is  is  th a t PDT efficacy depends 
sensitively  on  th e  lig h t deliveiy schem e. F or exam ple, th e  effects o f ALA- 
m ediated  PDT on  h u m an  gliom a sp h ero id s d epend  on  th e  ra te  a t w hich  
th e  ligh t is  delivered -  low er fluence ra te s  a re  clearly  m ore effective th a n  
h ig h er ones. T his finding is clinically significant since it  suggests th a t  
th e  low fluence ra te s  found  a t cm  d ep th s in  th e  resec tio n  cavity are  
capable of destroying tu m o r cells. U nfortunately , d u e  to  th e  rap id  
a tte n u a tio n  o f lig h t in  b ra in  tis su e s , in p u t la se r pow ers on  th e  o rd er of 
several w a tts  a re  requ ired  to achieve fluence ra te s  of a  few mW  cm ^  a t  1 
-  2 cm  d ep th s. O bviously, tis su e s  in  close proxim ity  to  th e  lig h t sou rce 
w ill be su b jected  to  veiy  h igh  fluence ra te s  th a t  have b een  show n to  be 
ineffective in  h u m an  gliom a sp h ero id s. A possib le  s tra teg y  to  overcom e 
th e  ineffectiveness o f h igh  fluence ra te s  is  to  in tro d u ce  a  d a rk  in te rv al 
w hich  allow s for reoxygenation. It w as show n in  th is  th e s is  th a t th e  
efficacy of h igh-fluence ra te  PDT could  be im proved b y  approxdm ately 
35%  sim ply by  th e  in tro d u c tio n  of 5 -  45  s  d a rk  in te rv a ls  d u rin g  ligh t 
irrad ia tio n .
38
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T he u se  of sp hero id s to  stu d y  th e  efiects o f ligh t frac tion a tio n  on 
oxygenation s ta tu s  is  g reatly  sim plified by  th e  a ssu m p tio n  th a t th e  
c u ltu re  m ed ium  a c ts  a s  a n  infin ite sou rce of oxygen. T he situ a tio n  in 
UÙXO is  som ew hat m ore com plex d u e  to  th e  effects of PDT on tu m o r 
v a scu la tu re  p aten cy . T h u s, a  fiill u n d e rs tan d in g  of th e  efficacy of 
fiacü o n a ted  PDT schem es req u ires fu rth e r investigation  in  exqperimental 
an im al m odels.
4 .2  R epeat PDT S tu d ies 
T he com m only u sed  o n e-sh o t in trao pera tiv e  p ro toco ls a re  incapab le  o f 
local control due  to th e  prohibitively long trea tm e n t tim es requ ired  to 
deliver th resh o ld  ligh t fluences to tu m o r cells resid ing  deep in  th e  
resection  m argin. The developm ent of p e rm a n en t indwelling balloon 
ap p lica to rs m ay provide a  so lu tio n  to  th is  p rob lem  a s  th ey  w ould allow  
ready  access to  th e  resection  cavity (M adsen, 2001). This w ould allow for 
novel trea tm e n t pro toco ls su c h  a s  long-term  repetitive  PDT. R esu lts 
p resen ted  in  th is  th e s is  show  th a t long-term  re p e a t PDT, u sin g  su b - 
op tim al ligh t fluences, is  m u ch  m ore effective th a n  single tre a tm e n ts  in  a  
h u m a n  gliom a sp h ero id  m odel. The d a ta  su g g est th a t re p e a t PDT is  
effective a t fluence ra te s  a s  low  a s  2 .5  mW  cm ^. T hese re su lts  have 
sign ifican t c lin ical im p lications since th ey  su g g est th e  po ssib ility  of long­
te rm  m anagem en t o f p a tie n ts  w ith  b ra in  tu m o rs  th ro u g h  repetitive  PDT 
tre a tm e n ts  delivered a t w eekly in terv als.
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T he feasib ility  o f w eekly PDT trea tm e n t reg im ens is  u n ce rta in  d ue  to  
th e  po ssib ility  o f system ic toxicity  h o m  PpIX accum ulation . S tu d ies a re  
cu rre n tly  u n derw ay  in  an im als to  investigate  th e  p o ten tia l of repetitive 
PDT. F inally , a  fluence ra te  th resh o ld  w as n o t found  in  th ese  s tu d ie s  -  it 
m ay  b e  possib le  to  elicit dam age to  gliom a cells a t fluence ra te s  below  2 .5  
mW  cm ^  a n d  th u s  ex tend  th e  d ep th  of trea tm en t.
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